We have measured the stress in Mo/Si multilayer films deposited by magnetron sputtering, using the wafer-curvature technique, and find a strong dependence on background pressure. We find that for multilayers containing 40 bilayers of -4.3 nm Si layers and -2.6 mn MO layers, the stress increases from approximately -280 MPa (compressive) to -450 MPa as the background pressure in the deposition chamber (i.e., measured just prior to deposition) decreases from 1.0X lo-' to 6.0X lo-' Torr. For multilayers of the same period but with thicker MO layers, the dependence on backg&und pressure is even stronger. X-ray (h=0.154 mn) diffraction measurements reveal only.: a slight increase in interfacial roughness for films deposited at high background pressure, but no evidence was found for any differences in the microstructure of the polycrystalline MO layers that bomprise these structures. The peak soft x-ray (X=13 nm) reflectance, which is sensitive to interfacial roughness at longer spatial wavelengths, also shows no correlation with background pressure or stress. Atomic concentrations of incorporated oxygen and carbon, measured with Auger electron spectroscopy, were found to be less than -0.5 at. % for all samples. However, the average hydrogen concentration, as determined from forward-recoil-scattering measurements made using a 2.6 MeV He beam, was found to increase linearly with background pressure. We discuss possible mechanisms for the observed dependence of film stress on background pressure, including gas incorporation and the affect of residual gas atoms on adatom mobility. 0 1995 American Institute of Physics.
I. INTRODUCTION
Periodic thin-film multilayer (ML) structures are interesting subjects for the study of film growth and interface formation.'>2 MLs are also being used for a variety of technological applications which take advantage of their unique optical, magnetic, electrical, and/or mechanical properties.3-7 For many of these applications, the film stress is an important parameter that must be characterized and ultimately controlled. For instance, stress affects the adhesion of the film to the substrate, and also causes the substrate to deform, which may be of critical importance for certain applications, e.g., diffraction-limited x-ray imaging using reflective ML coatings, for which the surface figure of the ML-coated optics must be controlled to -1 D.~ Excessive stress will further limit our ability to produce flat, free-standing thin-film MLs, as for x-ray beamsplitters, for example.
The stress in a ML film is determined by the stresses in the individual layers that comprise the ML, and by any interfacial stresses that may be present. The deposition stresses in the individual layers, i.e., the stresses resulting from nonequilibrium growth conditions, are highly dependent on the details of the deposition conditions. Thus, the stress in a ML film, as in a single-layer film, is process dependent, in general. For example, it is by now well known that the stress in single-layer films prepared by magnetron sputtering can be adjusted from tensile to compressive simply by decreasing the pressure of the working gas,' and the same effect was reported recently for ML films9 In order to control precisely the stress in ML films, we must, therefore, first characterize any dependencies of ML stress on deposition conditions. ' )Electmnic mail: windt@physics.att.com
In this paper we report the results of an investigation of the stress dependence on background pressure in ML films composed of molybdenum and silicon layers prepared by magnetron sputtering. The stress in Mo/Si MLs has been reported previously.'o However, the dependence on stress with background pressure in these, or in any other ML structures has not, to our knowledge, been reported previously.
Previous investigations have shown that the highest quality Mo/Si MLs (i.e., those having well-defined layers with the smoothest interfaces, and consequently the highest peak soft x-ray reflectance) are prepared by ion-beam sputtering or by magnetron sputtering at low Ar pressure." Using both x-ray diffraction and transmission electron microscopy, MLs prepared under these conditions are known to be composed of amorphous Si layers and polycrystalline MO layers, separated by amorphous interlayer regions of mixed composition. The bee MO crystallites show a preferred (110) orientation, which places the most densely populated planes parallel to the substrate. The interfacial roughness in these structures is small, nominally 0.1-0.2 nm; the predominant interface imperfection is the diffuseness associated with the interlayers.
II. BACKGROUND
Before we describe the experimental details and the results of our investigation, which we present in Sets. III and IV, respectively, it will be useful to review briefly the subject of thin-film stress, with particular emphasis on the current understanding of the origins of deposition stresses in sputtered films. This background material will also aid in our analysis of the data, and in the discussion of our results in Sec. V.
The total stress in a ML film results from the stresses in the individual layers that comprise the ML, and from any interfacial stresses that may be present. The interfacial stress f is equal to the work required to deform elastically by a unit strain a unit area of interface.i2 For the case of a periodic ML film consisting of alternating layers of materials A and B, having thicknesses dA and dB, and biaxial stresses o;, and on, respectively, the total biaxial stress oML in the film is independent of the number of periods, and is given byI CTML=(d~~~+d~~~+2f)/(da+dB).
(0 Several assumptions are implicit in this expression, including (a) that the ML consists of many periods, so that one may neglect both the interfacial stress term associated with the film-substrate interface, and the surface stress term associated with the top layer, (bj that the layers are isotropic in the plane of the film, and (c) that the interfaces between the layers are sharp, i.e., there is no intermixing between .the A and B layers, so that the interfaces and thus the interfacial stresses are well defined. Direct measurements of the interfacial stresses in ML films have been reported by Ruud et ~1.'~ for the case of Ag/Ni MLs, and by Bain eb aLI for Mo/Ni MLs. In the former case, where the mutual solubility of Ag and Ni is small, and the Ag-Ni interfaces sharp, the interfacial stress was found to be -2.2720.67 J/m2. In the MoiNi system, on the other hand, where the mutual solubilities of MO and Ni are substantial and the interfaces are likely diffuse, no evidence for interfacial stresses was found. A measurement of the interfacial stress in Mo/Si MLs has not, to our knowledge, been reported, considering that the interfaces in these structures show considerable diffuseness, and in light of the results for Ag/Ni and Mo/Ni MLs, interfacial stresses in the Mo/Si system may be absent. We thus adopt the simplest view and assume that the interfacial stress term in Eq. (1) may be neglected.
Stresses in the individual layers of the ML, as in the case of a single-layer film, can arise by several different mechanisms.*5 Thermal stress will result from a difference Aa in the thermal expansion coefficient of the film relative to the substrate, according to ~tiern,al= Y+WD-TM)
(for the case of a single film on a substrate), where Yf is the biaxial elastic modulus of the film, and To and TM are the film deposition and stress measurement temperatures, respectively. Epitaxial or coherency stress will result from the strain associated with a mismatch in lattice parameters in the case of heteroepitaxial multilayer films. Stress can also arise from interface reactions leading to, e.g., density and/or bond configuration changes resulting from phase' formation. And finally, so-called growth or deposition stresses can result from the nonequilibrium growth conditions associated with various deposition techniques. That is, nonequilibrium growth conditions may lead to density changes, the formation of voids, gas incorporation, etc., and these aspects of the microstructure and composition will determine the stress state of the film. In this last case, the resulting stress is highly dependent on the details of the deposition process. Deposition stresses are also dependent on the film thickness, in general, so the o's in Eq.
(1) can be thickness dependent as well.
The relationship between the deposition stress, the microstructure and composition, and the deposition conditions of thin films deposited by physical vapor deposition (i.e., evaporation or sputtering) has been the subject of active investigation for many years. In the case of films prepared by sputtering, a number of authors have reported on the effect of such parameters as substrate temperature, working gas pressure, working gas composition, source-to-substrate distance, substrate bias, and angular distribution of adatoms. Though a complete fundamental understanding of the physical mechanisms involved is still lacking, a large body..of knowledge has been assembled, some of which was summarized recently by Windischmann. l6 By an analysis of results presented in the literature, he suggests that for low substrate temperatures, where the effects of bulk diffusion are negligible, so that the dynamics of the growth process are dominated by adatom surface mobility, the microstructure and deposition stress in a thin film prepared by sputtering or by ion-assisted deposition is determined chiefly by the normalized momentum delivered to the growing film, P,* = y(ME) 1'2, where iLp is the mass, E is the energy, and y is the energetic particle/adatom flux ratio; P,* is a function of several deposition parameters.
At low P,* (as in the case of sputtering,at high gas pressure, for example, in which case the gas is thermalized)17 the surface mobility of adatoms is small, so films are characterized by a porous columnar microstructure having large surface roughness '" (i. e., zone 1 microstructure, according to the structure zone model described by Thornton)" and a tensile stress state resulting from the interatomic forces exerted across the gaps between columnar grains.20 At higher P,* values, the surface mobility of adatoms increases, due to collisions with energetic particles striking the film, and by the fact that arriving adatoms have larger kinetic energies to begin with. With greater adatom mobility, voids collapse to dimensions comparable to the range of interatomic forces and the tensile stress thus reaches a maximum. This is followed by a sharp transition from tensile to compressive stress, which is accompanied by a zone T-type microstructure consisting of tightly packed columns. At these high P,* values, as the size and number of voids decreases further as the result of large adatom mobility, interatomic forces which would otherwise lead to tensile stress are reduced. Compressive stress results as the film becomes overdense by the socalled atomic peening effect.2' Compressive stress may also be due to implanted working gas atoms,22 though conclusive evidence for this latter effect has not been reported.
The effect of gas impurities on the stress in sputtered films was also first reported some years ago, by Stuart,23 who investigated a variety of metal films deposited by triode sputtering. For example, he reported that the stress state in tantalum films changed from compressive to tensile by the introduction of oxygen during sputtering. Subsequent studies (Refs. 24-28, for example) of the effect of gas impurities on film stress for both sputtered and evaporated films focused mainly on the properties of relatively thick films of otherwise pure materials, and generally involved the deliberate introduction of reactive gas species (e.g., H,O, HZ, OJ into the vacuum system during deposition. Nonetheless, in ah of these investigations the film stress was found to (a) depend strongly on the partial pressure of the impurity gases, and (b) be correlated with the amount of impurity atoms incorporated into the film. However, there remains some discrepancy among the various results, and although several possibilities have been proposed (e.g., lattice distortions due to interstitial impurity atoms, the effect of impurity atoms on adatom mobility), a clear explanation of the mechanism by which impurity atoms affect film stress has not yet emerged.
III. EXPERIMENT
A. Film growth ML films were deposited by dc magnetron sputtering, using argon as the working gas. Planar targets, measuring 50.8X8.9X0.6 cm, were used, containing either solid Si of 99.999% purity or MO of 99.9% purity. In this system, which has been described previously,"g the magnetrons (VacTec, Inc.) are mounted along the diagonal of a square, stainlesssteel vacuum chamber, and face upward. The substrate is mounted facing downward on a platen that spins as it rotates over each magnetron source (vertical target to substrate distance is 90 mm), thereby building up the multilayer one layer per pass. The spin motion, which is used to enhance coating uniformity, is driven by a dc motor, and operates at approximately 235 r-pm, whereas the rotation motion is driven by a computer-controlled stepper motor with. great reduction, and operates at any desired rotation rate between 0.00003 and 5.5 rpm. The individual layer thicknesses in the multilayer are thus adjusted by controlling the rotation speed independently over each source, while keeping the intrinsic source deposition rates constant by maintaining constant source power and gas pressure. Stainless-steel shielding is used to limit the angular range of deposition, and also serves to minimize cross contamination between the two sources. The temperature of the substrate was not controlled during deposition.
The deposition chamber was evacuated to a pressure of 0.4 Torr with a rotary piston pump. High vacuum was then achieved using a cryopump (CT1 model CT-IO; pumping speed =3000 t"/s for air, 9000 /Is for water). The pressure in the chamber was measured using a Bayard-Alpert type ionization gauge (Granville-Phillips model 274 gauge and model 307 controller); the composition of the background gas was also measured during a separate run with a residual gas analyzer {RGA) (Leybold Quadrex 200 with electron multiplier). Accurate partial pressures of background gas components were determined by calibrating the RCA using a controlled leak of Na. Figure l(a) shows the RGA spectra versus time; Fig. l(b) shows the partial pressures of the predominant residual gas components versus time computed from these data, as well as the total pressure computed from the sum of the partial pressures. The apparent total pressure measured with the ion gauge is-also shown in Fig. l(b) ; the pressure measured with the ion gauge is generally lower than the true pressure (sum of the partial pressures) because the ion gauge controller is calibrated for NZ, whereas the pre- dominant component of the background gas is water vapor, as indicated in the RGA spectra. The RGA spectra reveal that lesser quantities of hydrogen, nitrogen and/or carbon monoxide, and oxygen are present in the background gas as well.
We maintained precisely the argon pressure during deposition with a closed-loop feedback system consisting of a mass-flow controller (MKS model 2259C) and a capacitance manometer (MKS model 39OHA), using Ar of 99.998% purity. The Ar pressure was thus maintained at 1.5 mTorr (0.2 Pa) during deposition (Ar flow rate of -230 seem). Power to each magnetron source was supplied by a 1 kW power supply (Advanced Energy model 2011), operated in the regulated power mode at 200 W, typical voltages were -300 V. The power supplies were ramped to full power over a period of 2 mm, with an additional 20 min warm-up period prior to film growth. The substrate was electrically grounded.
Under the conditions just described, the deposition rates for MO and Si were measured to be 0.25 and 0.18 nrn/s, respectively. ML films containing 40 periods of -6.9~nm-thick Mo/Si bilayers were deposited onto Si(100) wafer sections measuring -16X16 mm2, of nominal 100 ,um thickness. The native Si02 layer was not removed from the wafers. Three different combinations of individual MO and Si layer thicknesses were chosen: (dsi, d&=(4.3, 2.6 nm), i.e., I?=O.625; (3.5 rmr, 3.5 mn), i.e., F=O.5; and (2.6, 4. 3), i.e., F=O.375, where r~~si/(d,,+dsi).
The first layer deposited was MO and the last Si. The deposition times were of order 40 min, depending on the l? value.
MLs were deposited at various background pressures by varying the pumpdown time, i.e., the elapsed time between the opening of the gate valve isolating the cryopump and the start of the magnetron source warm-up period and subsequent film growth. The pumpdown time was thus varied from -30 min for films deposited at an apparent pressure of -1.0X lo-' Torr, up to a period of several days for films deposited at the lowest background pressures. For most samples, the ionization gauge was turned on during the entire pumpdown period (and turned off during deposition). However, one set of MLs was prepared for which the ion gauge was intentionally left off during pumpdown, except during a 3 min period just prior to the magnetron source warmup (so that the background pressure could be measured). We note that for films deposited at the highest pressures, the deposition time is comparable to the pumpdown time; considering the data of Fig. l(b) , it is clear that the partial pressures of the background gases must have dropped significantly during the course of-the deposition for these samples. Unfortunately, due to the configuration of the system, it was not possible to obtain RGA data during deposition.
B. Film characterization
If a film of thickness tf having a biaxial stress (T is attached to a substrate of thickness t,, it will cause the substrate to deform, as required by the condition of static equilibrium. If the substrate is very much thicker than the film, the deformation will be spherical, having a radius of curvature R. The relationship between u and R is given by the well-known Stoney equation:30 r, 3 ,
IsIs 1 a=GF'
where Y, is the biaxial elastic modulus of the substrate [which is related by Y,= Es/( 1 -v,) to E, , Young's modulus, and v, , Poisson's ratio for the substrate]. A measurement of the radius of curvature R can thus be used to infer the stress in the film, assuming that the elastic properties of the substrate and the thicknesses are known. By convention, positive (T refers to a tensile stress state, in which the substrate is bowed towards the film (concave), while negative (7 corresponds to a compressive stress state, in which the substrate is bowed away from the film (convex).
ML stress was thus measured using the wafer curvature technique, with a laser-scanning apparatus that has been described previously.31 With this apparatus, wafer curvature is determined by measuring the deflection of a HeNe laser beam as it scans along the surface of the sample. The curvature resulting from the stress in the film is computed by measuring the wafer curvature before and after deposition. From the measured curvature, the film stress is computed using Eq. (3). Substrate thicknesses were measured with a micrometer, and film thicknesses determined from x-ray diffraction (described below). A value of 180 GPa for Y, was used.32 We estimate that the stress measurements are accurate to -+5%.
In addition to the wafer curvature measurements, the microstructure of selected samples was characterized using a variety of x-ray techniques, and film composition was investigated by both Auger electron spectroscopy @ES) and forward-recoil scattering (FRS). Characterization was limited to selected I'=O.625 ML films.
x-ray diffraction measurements were made at a wavelength of 0.154 mn (Cu Ra) using a four-circle diffractometer fitted with a rotating anode source and a pyrolytic graphite crystal monochromator. Small-angle measurements (from 0" to 8" grazing) in the 828 geometry were used to measure the Bragg peaks resulting from the ML periodicity (i.e., d-6.9 run), while large-angle measurements (from 28 =30" to 500), also in the 8-28 geometry, were used to examine the Mo (ll0) diffraction peaks. From the small-angle measurements, the individual layer thicknesses (and therefore the deposition rates) were determined with high precision, by fitting the measured data with calculations based on recursive application of the Fresnel equations.33 Nonspecular x-ray scattering measurements were also made, in this case by varying the detector angle (20) while maintaining a fixed incidence angle (corresponding to the first Bragg peak, i.e., &=0.73"), in order to measure any intensity variations in the Yoneda peaks that would result from diierent amounts of correlated interfacial roughness.34
The absolute soft x-ray reflectance was measured using a laser-plasma-based reflectometer system that has been described previously.33 The reflectance was measured versus wavelength from 12 to 15.5 nm, in 0.5 nm increments, at a fixed incidence angle of 3" from normal.
Oxygen and carbon concentrations were determined from AES measurements made with a PHI595 system (Perkin-Elmer). Depth profiling was achieved by sputtering with a 4 keV argon beam. Hydrogen concentrations were determined from FRS measurements using a 2.6 MeV He beam, at 15" grazing incidence on the samples with the H recoil at 30" to the incident beam diiection.35 He atoms were removed from the forward scattered beam using an 11.8-,umthick Mylar foil, and recoil H atoms were measured with a silicon surface barrier detector. The average concentration of hydrogen in selected ML samples was determined by taking the ratio of the number of forward recoil H events measured for each sample, at a fixed dose of 40 ,uC of beam, to the number of counts obtained from a calibration sample of Si containing 5 X 10" atoms/cm' of implanted hydrogen. As a result of the uncertainty associated with the application of the pure Si calibration sample to a ML film, we estimate that the hydrogen concentrations reported in the next section are only accurate to 210%. However, the precision of these measurements (i.e., resulting from the uncertainty associated with the H counting statistics) is much better, in the range of + 1%2% depending on the sample. . Also shown are the data for PO.625 ML films for which the ion gauge remained off during pumpdown (filled triangles). The dashed lines are least-squares fits to these datasets. Fig. 2 are the stresses measured in Mo/Si ML films as a function of background pressure. As can be seen from this plot, the compressive stress in these films varies -linearly with the log of the background pressure: for the r=O.625 films, the compressive stress decreases from approximately -450 to -250 MPa as the apparent background pressure in the deposition chamber (measured with the ion gauge just prior to deposition) increases from 6.0X10-" to l.OxlO-5 Ton: For the r=O.5 and r=O.375 samples, the stress variation is even more strongly dependent on background pressure. (We note that for a given background pressure, the stress becomes more tensile with decreasing r, i.e., with increasing MO layer thickness; evidently the MO layers are in tension, and the Si layers in compression.) Also shown in Fig. 2 are the stress-vs-background pressure data for the (r=O.625) samples deposited with the ion gauge off during pumpdown. The stresses for these samples are approximately 30 MPa more compressive than for the equivalent samples deposited with the ion gauge turned on during pumpdown. Figure 3 shows representative x-ray and soft x-ray data, comparing the results obtained for high background pressure/ low compressive stress versus low background pressure/high compressive stress rzO.625 MLs. The only significant difference in these data between the low-stress and high-stress films is in the appearance of the three ML diffraction peaks [ Fig. 3(a) ] measured at the largest angles, i.e., between 5.5" and 7.5": these peaks are sharper, and more intense for the high-compressive-stress sample. By fitting these curves, we attribute this to a difference of -0.2 nm in interfacial roughness between these two films. In contrast, the peak soft x-ray reflectances [ Fig. 3(b) ] of the two samples are identical within experimental uncertainty, aside from a slight wavelength shift resulting from a small difference in ML period. (This difference in ML period is due to a drift in the deposition rate from run to run, and was determined to be uncorrelated with background pressure.) The nonspecular scattering curves [ Fig. 3(c) ] indicate that there are no significant differences in the amount of light scattered into the Yoneda peaks,36 suggesting no differences in the correlated interfacial roughness in these structures. The widths of the Mo( 110) peaks in the large-angle x-ray diffraction data [ Fig. 3(d) ] are also identical for the two samples, indicating no differences in the average grain size along the growth direction of the MO crystallites in these films, which we infer from these widths to be -2.920.2 nm37 (i.e., comparable to the thickness of the MO layers in these samples). From the location of these peaks (i.e., 28=40.54") we can discern no differences in the average out-of-plane (110) interplanar spacing between the two films. However, the sensitivity of these mea-4 surements to variations in the in-plane stress is not great: assuming that the relative locations of the (110) peaks can be determined with a precision of 0.05", corresponding to an uncertainty in the average (out-of-plane) interplanar spacing of 0.0005 rmr, the smallest strain that can be measured is thus -2.3X lo-'. Using the elastic constants for bulk MO from Ref. 38, this corresponds to an in-plane biaxial stress of -900 MPa, larger than any of the stresses we have measured.
IV. RESULTS

Shown in
The small-angle x-ray scattering measurements, the nonspecular x-ray scattering measurements, and the soft x-ray reflectance measurements are each sensitive to particular aspects of the interface morphology of the MLs studied here. The soft x-ray reflectance measurements are sensitive to both interfacial diffuseness and to interfacial roughness over spatial wavelengths from about 1 pm to 10 m.39 The smallangle x-ray data are also sensitive to diffuseness, and to roughness over a larger range of spatial wavelengths, from about 5 pm to 0.15 nm, though the effect of inter-facial roughness on the x-ray reflectance [ Fig. 3(a) ] is greatest at the largest grazing angles. The heights of Yoneda peaks evident in the nonspecular scattering data, on the other hand, are sensitive only to correlczted interfacial roughness at short spatial wavelengths (from 0.15 nm to 0.15 pm, depending on 2e). Therefore, because the only significant difference between the high-compressive-stress and low-compressivestress MLs evident in the x-ray data is the sharper and more intense ML Bragg peaks observed in the low-angle x-ray data, we conclude that the high-compressive-stress MLs have slightly reduced uncorrelated, high-frequency (i.e., spatial wavelengths between 0.15 and 10 nm) interfacial roughness.
AES measurements detected only trace quantities (-0.5 at. %) of oxygen in both high-stress and low-stress MLs, with no measurable differences between the two. Purthermore, no carbon was detected (instrumental limit of -0.1 at. %) in either film. However, as can be seen from the FRS data in Fig. 4 , the hydrogen concentration was found to depend strongly on the background pressure. Shown in Fig. 4 (a) are FRS spectra for three representative MLs, all having f=0.625, but each deposited at a different background pressure. For these spectra lower H energy corresponds to greater depth into the films. The peak at channel -395 arises from H at the film surface, present as adsorbed gas or as hydrocarbons due to exposure to room air. The film-substrate interface is centered at approximately channel 250. As can be seen from these curves, the average H concentration increases with increasing background pressure (as indicated by the relative areas under the curves). We also note that the distribution of H is not uniform in the films, but increases with depth into the film, as indicated by the rise in counts from just below the surface H peak towards the film-substrate interface. Presumably the decrease in H concentration as the film is deposited is a result of the normal reduction in background pressure with time [ Fig. l(b) ], enhanced by the gettering action of the MO and Si deposited on the internal surfaces of the deposition system. Shown in Fig. 4(b) are the average H concentrations (through the film thickness) (TZ~) deduced from the PRS spectra shown in Fig. 4(a) . Since the FRS results indicate that the change in H concentration is linear with background pressure [at least for the P-O.625 MLs shown in Fig. 4(b) ], it follows that the change in ML stress also scales linearly with the log of the H'concentration.
Using the stress-vs-background pressure-& results presented in Fig. 2 , we can estimate the contribution from the individual layers to the total variation in stress with pressure. The variation in ML stress with background pressure is given by aEm;(r)=rc&+(l-r)C&O, (41 obtained by differentiating Eq. (1) '(and neglecting the interfacial stress term). In this expression we tie using the abbreviated notation for the .derivative of stress with respect to the log of the background pressure P, i.e., a'=da(P)ld log P. Although the VdUeS for Csi and a,, depend, in general, on da and dM0 9 respectively, it is reasonable to assume that the derivatives with respdbt to background pressure of these quantities, i.e., a~i and I&,,, are independent of thickness over the range of layer thicknesses investigated here. Thus, using for & the slopes of the three stress-vs-background pressure curves presented in Fig. 2 , there are three ways we can solve this system of three equations for the two unknown quantities dsi and &,. We find that c&=--220:
11, MPd log(Torr) and ah, =560+ 11 Mpa/log(Torr), where the uncerttities in these values refer to the standard deviations about the mean values for the three sets of slope values. So, according to this analysis, the change in stress in the l?=O.5 ML films, for example, associated with the increase in background pressure from 3.3X 10m7 to 1.5X lo-' Torr would be the result of the Si layers becoming more compressive by -340 MPa, and the MO layers more tensile by -850 MPa. Thus, the stresses in the tensile MO layers and the compressive Si layers both increase with increasing background pressure, and the contribution of the MO layers to the change in ML stress with background pressure is -2.5 times greater than that of the Si layers.
V. DISCUSSION
The &Cation in ML stress with background pressure is most likely due in some way to the reactive gas species present in the background gas and observed with the RGA (Fig. 11, i. e., hydrogen, oxygen, water, etc., as an increase in the partial pressures of these gases is correlated with an increase in tensile, stress in the MLs. Because of this correlation, we attribute our observation that the ML stress is more tensile when the ion gauge is turned on during pumpdown to an increase in the partial pressures of the residual gases that affect the film stress most strongly, as a result of enhanced electron and ion stimulated desorption from the walls of the vacuum chamber!'
As described in Sec. II, incorporation of impurity atoms in sputtered films is known to affect film streb, though the exact mechanism by which this occurs has not been determined conclusively. In our case, we find very little incorporated oxygen and carbon; distortion of the MO lattice, as was reported for the MO films containing oxygen impurities investigated by Yamaguchi and Miyagawa,27 was not observed in any of our films as well. We do, however, find a strong correlation between film stress and incorporated hydrogen: the ML stress varies as the log of the average hydrogen concent&ion; this functional dependence has not, to our knowledge, been reported previously. Our conclusion that the Si layers become more 'compressive with increasing background pressure is consistent with similar observation in a-Si:H fiIms reported by Windischmann et ~1.~~ It seems likely, therefore, that the incorporated hydrogen is at least partly responsible for the observed variation of stress with background pressure.
Vi. CONCLUSIONS Therefore, and in light of the discussion of the origins of We have measured the stress in MolSi ML films deposdeposition stresses in sputtered films presented in Sec. II, the ited by magnetron sputtering and find that the stress in these most likely explanations for the observed variation in ML films becomes increasingly tensile with increasirig backstress with background pressure are: (1) adsorption of impuground pressure. The variation in the dependence of film rity atoms on the surface of thk film affects a number of stress with background pressure as a function of relative MO parameters that can influence the growth process, including layer thickness suggests that while the MO layers become the surface mobility of adatoms, the probability of adatom more tensile with increasing background pressure, the Si layadsorption, and the density of available surface sites; and (2) ers become more compressive. We find that the variation in the increase in tensile stress is due to'an increase in impurity ML stress correlates with the concentration of incorporated atom incorporation in the film. We discuss each of these hydrogen in these films, i.e., increasing hydrogen concentrapossibilities in turn.
tions correspond to more tensile films. The concentration of
The surface mobility of adatoms can be affected by adsorbed gas atoms, by a variety of possible mechanisms.'9*28*41 Regardless of the details of the specific mechanisms that may be involved, we note that as the background gas partial pressure increases, the ratio of the number of residual gas atoms striking the film to the number of sputtered atoms being added to the film also increases; at the highest background gas pressures considered here, i.e., 1 X IO-' Torr, this ratio is of order 5.42 It seems likely, therefore, that the observed variation in stress with background pressure is due, at least partially, to a chemically induced reduction in adatom surface mobility resulting from adsorbed residual gas atoms. We also note that our observation of increased interfacial roughness in films deposited at the highest background pressures is consistent with the tendency towards a zone 1 microstructure (and corresponding tensile stress state) associated with reduced adatom mobility.41 In particular, the increased roughness may be indicative of changes in the distribution or size of the MO grains in the plane of the film (i.e., that were not detected by the x-ray diffraction measurements described aboye), which could be the cause of the change in stress." It may also be possible that adsorbed residual gas atoms affect in some way the formation of the mixed Mo-Si interlayers in these films, thereby affecting any interfacial stresses that may be present. However, we have no evidence that there are any such stresses, so we cannot estimate quantitatively how the residual gas atoms might have an effect. hydrogen varies linearly with background pressure. The concentrations -of oxygen and carbon were found to be very small, and were uncorrelated with stress. The only evidence for microstructural variations in these films was a slight increase in the uncorrelated, high-frequency interfacial roughness with increasing background pressure (as determined from small-angle x-ray scattering,) suggesting a tendency towards tensile, zone l-type microstructure with increasing background pressure.
The most likely explanations for the observed-variation in ML stress with background pressure are first, that the stress is due to incorporation of hydrogen atoms, and second, that the surface mobility of adatoms is decreased with increasing background pressure, most likely due to the effect of adsorbed residual gas atoms. From our measurements alone we cannot provide any further information regarding the details of how these two possible mechanisms affect film stress.
We note that Mo/Si MLs (I'=O.625, d=6.9 nm) deposited at high background pressure still show high soft x-ray reflectance. This implies that the stress in such films can and should be minimized by controlling the background pressure, or perhaps by the deliberate introdudtion of impurity gases, in order to reduce the deformation of the substrate in x-ray imaging applications such as projection lithography. Our resubs also indicate that the background pressure of the deposition system must be controlled in order to produce lowstress films with good repeatability. Indeed, the dependence of stress on background pressure may be the cause of the scatter in some of the stress data reported in the literature.43*44
